Introduction
The rehabilitation of patients with trans-tibial amputation is a very old problem in medical practice. The first reference of a patient using a prosthesis dates back to 500 BC. Hypotrophy following amputation, caused by underuse (Ryser et al, 1988) , is estimated at 25%, mainly at the cost of reduction of fibre size, (Renstrom et ah, 1983") and occurs not only in the amputated side but globally. Its main consequence is strength deficit, which occurs in a striking manner in the first years after amputation (Isakov et ah, 1996") .
In the amputated patient, ambulation is asymmetrical, with more time spent on the support phase of the non-amputated limb (and consequent overload of this limb) (Rossi et al, 1995) , as well as bigger global energy cost, which increases as the level of the amputation performed is more proximal (Hreljac, 1993; Hunter et al, 1995; Pinzur et al, 1992; Sanderson and Martin, 1996; Watkins at al, 1984) . The increase of energy consumption during ambulation ranges from 22% in patients with long stumps to 40% in those with short stumps (Gonzalez et al, 1974) . The metabolic cost of ambulation in amputated subjects is near the upper physiological range found in the normal population (Pinzur et al, 1992) .
Morbidity resulting from amputation varies more from patient to patient than ambulation difficulties. Patients with trans-tibial amputation present an important reduction of physical activity with consequent muscular hypotrophy (Thorstensson et al, 1997) and an increase in the incidence of coronary artery disease (Fletcher et al, 1996) . Early return to regular activities is the best manner of avoiding these adversities (Skinner, 1985) . For this to happen, rehabilitation of the strength of the lower limb musculature is essential. However, there is now another practical problem: how much strength is necessary to use the prosthesis during these activities?
The difficulty of measuring muscular strength in an objective manner which can be utilised in the continuous functional recuperation of these patients is a constant question among rehabilitation professionals. Presently, the only practical parameter used for the measure of muscular strength is the perimeter of the amputation stump. This parameter is unreliable, due to interference of the adipose tissue and the fact that thigh strength is not proportional to its transversal section. The fact that this measure is made considering the contralateral side as the normal parameter of these patients should also be stressed.
Several methods have been proposed for strength evaluation. Muscular strength is a physiological parameter that is measurable in a similar manner by the isotonic, isometric or isokinetic methods (Knapick et al, 1983) . Of these methods, the isokinetic methods have shown more promise, with the advantage of relating to the ambulation velocity of the patient (Klingenstierna et al, 1990) . Isokinetic exercise is defined as the exercise performed under constant velocity, predetermined, and capable of adjusting itself in terms of muscular strength to a fixed angular velocity (Hislop and Perrine, 1967) .
The objective of this study is to compare muscular strength of patients with unilateral trans-tibial amputation to a control group of nonamputated volunteers, through isokinetic evaluation utilising the isokinetic dynamometer Cybex 6000® (Lumex Inc., Ronkonona, 2100 Smithtown Ave., NY, 11779, USA). The parameters measured were peak moment, total work and power of the flexor and exensor muscles of the knee. Both the amputated and the non-amputated sides were compared to their respective limbs in the control group. This study aims to establish a new pattern for isokinetic evaluation of this population. It also tries to identify factors that contribute to a better rehabilitation of patients with trans-tibial amputations and to compare their ambulation to normal physiological levels. For this to be achieved, the establishment of new criteria regarding the measurement of muscular strength of the lower limb is necessary, which would also be studied in the rehabilitation of these patients.
Materials and methods
The patient group of this study is composed of 25 patients (group A) with unilateral trans-tibial amputation and by 27 healthy volunteers (Group B), workers, physicians and residents of Orthopaedics and Traumatology Institute, Hospital das Clfnicas, Faculty of Medicine, University of Sao Paulo (OTI-HC-FMUSP). The evaluation period extended from 11/11/96 to 04/13/98. All patients but one received their prosthesis at the OTI-HC-FMUSP.
Mean age in group A was 35.9±13.0, ranging from 12 to 59 years. In group B mean age was 34.9±9.9, ranging from 19 to 56 years. In group A, 68% (17 patients) were male and 32% (8 patients) female. In group B, 67% (18 volunteers) were male and 33% (9 volunteers) female. The side preferred by the volunteer for kicking was defined as the dominance criterion (Imamura, 1994; Pedrinelli, 1994) . The right side was involved in 60% (15 patients) and the left in 40% (10 patients). The amputation cause was trauma in 56% (14 patients), vascular in 28% (7 patients) and infection in 16% (4 patients), usually secondary to severe exposed wound sequelae.
All patients ambulated in an independent manner, only 8% (2 patients) using a pair of crutches and 12% (3 patients) using a cane or a simple crutch. Only one patient maintained regular physical activity, defined as dynamic exercises of large muscular groups for 30 to 60 minutes, 3 to 6 times per week (Carvalho et al, 1996; Fletcher et al, 1996) .
The criteria adopted for the inclusion of the volunteers in the control group were: (a) no previous lesions of the osteomuscular system; (b) the volunteer must not have performed isokinetic evaluations before; (c) must be classified as sedentary (Carvalho et al., 1996) ; (d) must not use any pharmacological substance that could directly or indirectly affect the mechanism of muscular contraction; and (e) must not present other health problems that could interfere with the evaluation of the test (Greve, 1998).
All patients with articular limitations of the knee and hip joints, pain while ambulating with the prosthesis, chronic medication use (Hsieh et al., 1987) , muscular and nervous lesions and/or fractures in the lower limbs prior to the test (Gross et al, 1990) were excluded from evaluation.
No patient presented signs of inflammation or fever, open surgical wounds or any kind of wound in the evaluated limbs. All prostheses were examined prior to testing, so that they were perfectly adapted and comfortable at the time of the test. All patients had been using their prostheses for at least 6 months before the test.
Evaluation protocol
The tests were performed at the angular velocities of 60° and 180°/s, while measuring flexion and extension of the amputated and nonamputated sides. Every patient executed 4 valid repetitions at 60° and at least 6 and a maximum of 20 repetitions at 1807s (whatever happened Fig. 1 . Positioning of the lower limb to be evaluated in the CYBEX" model 6000 device.
in 45 seconds of sequential contractions at this velocity), for each test. Every examination was preceded by warm-up on a stationary bike at free velocity and load for at least 5 minutes. After warm-up, the patient was positioned in the device (Fig. 1) . The anatomical axis of the knee was aligned to the machine axis according to instructions supplied by the manufacturer. Patients and volunteers initially performed 3 to 5 submaximal movements to practice and learn the type of exercise to be performed (Montgomery et al., 1989; Steiner et al, 1993) . Verbal stimulation was emphatically given to all the patients and volunteers during the test in order to obtain maximum strength (Imamura, 1994) .
There was an interval of 30 seconds between each of the tests (Goslin and Charteris, 1979). All tests began by the non-amputated (in group A) or dominant side (in group B). Measurements were performed at the angular velocities of 607s and 1807s regarding: (a) peak bending moment (Nm); (b) total work (J); (c) maximum power (W) and differences of maximum bending moment for the amputated, non-amputated, dominant and non-dominant sides. The flexor/extensor ratio for maximum moment, total work and maximum power were measured at 607s. All measurements are relative to concentric contractions, both for flexion and extension of the knee. Values for maximum bending moment, total work and power were recorded as their absolute values.
Results
These results are those considered relevant to the isokinetic evaluation. The data obtained in groups A and B are presented in Figures 2 to 7, in the angular velocities of 607s and 1807s, as well as the differences found. Statistical analyses of the results obtained are presented in Tables 1 to 8. Results were considered statistically significant when p<0.05. Some data provided directly by the computer coupled to the dynamometer were not considered because they did not present statistical correlation, were repetitive and expressed indexes directly correlated to the data presented.
Discussion
The main objective in rehabilitation is to obtain active and independent ambulation, as close to physiological as possible, with the Table 1 . Statistical analysis by the Kruskal-Wallis method of the relation between stump length and maximum bending moment (Nm), at the angular velocities of 607s and 1807s for the amputated and non-amputated sides in the flexion and extension movements. , 1993) . The rehabilitation programme must produce: (a) an increase of muscular strength; (b) maintenance of joint range of motion; (c) better movement coordination with the remaining muscles and (d) adequately developed proprioception. Patients with transtibial amputation have an energy expenditure around 9 to 42% higher than people without amputations. To what extent this difference is caused by loss of muscular strength is controversial. Without an objective measure of the capacity for developing muscular strength in the lower limbs of these patients, this question will not be adequately answered. One of the biggest inadequacies of traditional programmes utilised for the rehabilitation of patients with trans-tibial amputation is that the comparative parameters for muscular strength are always obtained from the contralateral limb (nonamputated) of the patient, and not from the parameters found in the general population. This method leads us to adopt as "normal" a parameter of a body segment that is also impaired, by the amputation, underuse, biological aging, reduction of the physical activity level and the difficulty of controlling a heavy rigid prosthesis, without any sensation. Isokinetic exercise was chosen as the evaluation method for being specific, not depending on subjective criteria and maintaining direct relation with the movement patterns eventually studied (Ryser et al, 1988) . Maximum bending moment was employed as a measurement directly correlated to muscular strength because even though it evaluates only an instant of the movement, it is the measurement that maintains the strongest relation to isometric exercise, the most frequently utilised in the rehabilitation of these patients (Osternig, 1986) . The authors employed the angular velocity of 607s to study strength and 1807s to evaluate resistance, according to protocols found in other publications (Gross et al, 1990; Perrin, 1993; Steiner et al., 1993) . The authors opted to test the amputated patient using his prosthesis, in order to obtain a practical evaluation, since the objective of the treatment is to enhance prosthesis control. The concentric exercise type was chosen because it is the easiest one to perform.
A significant relation between shortening of the amputation stump and a decline in muscular strength could not be evidenced during exercise with the prosthesis (Table 1 ). This relation is described in experiments performed on patients utilising only the stump as the movement lever (Gonzalez et al, 1974; Klingenstierna et al, 1990; Marin et al, 1992; Pinzur et al, 1992; . Time since amputation and subject age were not shown to be significant factors in this study. The only identifiable relation was between flexion at 180°/s angular velocity and time since amputation (Table 2) , which had already been reported by , who supports the view that most of the decrease in muscular strength occurs quickly after amputation. The values for peak bending moment (Fig. 2 ) were shown to be smaller for the flexor muscles than for the extensor muscles of the knee in the amputated side, both at 607s velocity and at 1807s velocity. The difference between the extensor muscles of the knee regarding maximum bending moment when comparing the amputated and the non-amputated sides is bigger than the difference found by Powers et al, (1996) . The same difference pattern was constant for total work and maximum power (Figs 2, 3 and 4) .
These values are not reliable measurements for the average population, but to be utilised in the re-evaluations of the same patient (Burdett and Swearinger, 1987) . Probably this bigger deficit in maximum bending moment of the flexor muscles of the knee is related to the normal gait pattern of a patient with trans-tibial amputation (Leamann and De Lateur, 1990) , with smaller joint angle range and consequently needing less strength from the flexor muscles of the knee.
It is remarkable that the obtained results, concerning the studied strength variables (maximum bending moment, total work and maximum power), are also diminished when the non-amputated side is compared with the dominant and non-dominant sides (Goslin and Charteris, 1979; Murray et al, 1977; Stalberg et al, 1989) (Figs. 2, 3 and 4; Tables 3, 4 and 5) . This is the most important point in this evaluation. The non-amputated side also presents significant hypotrophy and therefore is not a good reference for the control of muscular strength of the amputated side, although being the most widely used in clinical practice. There is a reduction in ambulation velocity close to 22% (Gonzalez et al, 1974; Palma et al, 1997) in patients with trans-tibial amputation and a longer suport phase duration of the contralateral limb (Rossi et al, 1995) , with a consequent decrease of the swing phase of the amputation side and smaller joint amplitude, requiring smaller effort from the flexor muscles of the knee.
It must be remembered that maximum bending moment should not be considered alone. It must be correlated with the findings of total work and maximum power. The measure of maximum bending moment represents an instant during the entire movement. On the other hand, work represents the average force performed during the evaluation. However, maximum power, which measures the instantaneous work or energy developed in a unit of time, may present result variations (Dvir, 1995) .
This global deficit of maximum bending moment and consequently of maximum power and total work is caused mainly by hypotrophy that occurs immediately after amputation (Renstrom et al, 1983 s ). This hypotrophy has several causes: underuse, especially during the time length from the postoperative period to practice with the utilisation of a prosthesis (Ryser et al, 1988) ; the presence of local pain until the maturation of the stump also works as a stimulus for the reduction of muscular mass; loss of sensitive feedback by the removal of the amputated limb and consequent decrease in residual muscular mass (Sanderson and Martin, 1996) and even natural aging of the patient (20% between 25 and 60 years) (Goslin and Charteris, 1979). The most important consequence of hypotrophy is found during ambulation. Due to the increased energetic cost of ambulation, patients search for the most economic ambulation velocity. Those patients with preserved muscular strength present increased capability for ambulation.
The flexor/extensor ratio of evaluated subjects shows that hypotrophy keeps some proportionality of the parameters for total work and maximum power (Figs. 6 and 7; Tables 7 and 8), because the numbers found do not differ much from what could be expected from the general population, 50 to 80% (Kannus, 1994) . No statistically significant relations could be identified regarding total work and maximum power (Figs 6 and 7; Tables 7 and 8).
Statistically significant values were found when comparing the flexor/extensor ratio of the amputated limb only for peak bending moment at the 607s velocity ( Fig. 5; Table 6 ) The findings suggest that this difference is caused not by strengthening of the flexor muscles but by increased hypotrophy of the extensor muscles of the amputated limb.
Summing up, the data lead to the conclusion that there is a need for global revision of the process of rehabilitation of the amputated patient, focusing on a training programme that puts bigger emphasis on a gain of muscular strength and power. This will lead to an improved control of the prosthesis, with a decrease of the energy expenditure while walking and increase of comfortable ambulation. This will also lead to a revision of muscular strength recuperation concepts in the patient with trans-tibial amputation, because walking painlessly with a prosthesis only does not mean a return to the normal values of the general population.
Further research is needed on how much training is necessary for these patients to attain normal performance levels of the general population. Another important point would be to discover how much training is necessary for the maintenance of these levels for the muscular strength parameters. It would also be possible to compare different training systems, trying to adapt it to the socioeconomic reality of the patients.
Conclusions
The amputated side has bending moment, work and power parameters smaller than those of the non-amputated side at both velocities.
The non-amputated side has bending moment, work and power parameters smaller than those of the volunteers group.
Patient age did not modify the values of bending moment and power.
There is a correlation between work, bending moment and power.
Stump length does not interfere with the evaluation when it is performed with the prosthesis.
